Mossy fiber synapses act as the critical mediators of highly dynamic communication between hippocampal granule cells in the dentate gyrus and CA3 pyramidal neurons. Excitatory synaptic strength at mossy fiber to CA3 pyramidal cell synapses is potentiated rapidly and reversibly by brief trains of low-frequency stimulation of mossy fiber axons. We show that slight modifications to the pattern of stimulation convert this short-term potentiation into prolonged synaptic strengthening lasting tens of minutes in rodent hippocampal slices. This low-frequency potentiation of mossy fiber EPSCs requires postsynaptic mGlu1 receptors for induction but is expressed presynaptically as an increased release probability and therefore impacts both AMPA and NMDA components of the mossy fiber EPSC. A nonconventional signaling pathway initiated by mGlu1 receptors contributes to induction of plasticity, because EPSC potentiation was prevented by a tyrosine kinase inhibitor and only partially reduced by guanosine 5=-O-(2-thiodiphosphate). A slowly reversible state of enhanced synaptic efficacy could serve as a mechanism for altering the integrative properties of this synapse within a relatively broad temporal window.
Introduction
Efficacy of excitatory transmission at the hippocampal mossy fiber-CA3 (mf-CA3) pyramidal neuron synapse is acutely sensitive to dynamic changes in the frequency of granule cell firing. Robust forms of short-and long-term synaptic plasticity are thought to be integral components of the "conditional detonator" function of mossy fibers in triggering pyramidal neuron excitation (Henze et al., 2002; Nicoll and Schmitz, 2005; Bischofberger et al., 2006) . Short-term potentiation of excitatory transmission by as much as 1 order of magnitude results from increases in presynaptic release probability after modest elevations of action potential firing frequency (Salin et al., 1996) . This form of plasticity, referred to as frequency-dependent facilitation, rapidly reverses after resumption of basal stimulation frequencies. Conventional longterm potentiation (LTP) of mf-CA3 pyramidal neurons also has a presynaptic locus of expression (Xiang et al., 1994; Weisskopf and Nicoll, 1995) .
Classically defined LTP of mossy fiber EPSCs (mf-EPSCs) is independent of NMDA receptor activation (Harris and Cotman, 1986; Zalutsky and Nicoll, 1990) in contrast to the prototypical form of NMDA receptor-dependent LTP found at the Schaffer collateral-CA1 synapse (Kerchner and Nicoll, 2008) . The signaling pathways that underlie induction are still a matter of debate, with evidence both for and against postsynaptic mechanisms such as mobilization of calcium from internal stores or via entry through voltage-gated channels (Williams and Johnston, 1989; Zalutsky and Nicoll, 1990; Yeckel et al., 1999; Mellor and Nicoll, 2001) . Because expression of conventional mf-LTP occurs presynaptically, any postsynaptic contributions to induction must be transduced through a retrograde messenger system; the bidirectional Eph receptor-ephrin signaling system was proposed to serve this role (Contractor et al., 2002; Armstrong et al., 2006) . Presynaptic expression of mf-LTP is known to engage cAMP and its downstream effectors (Weisskopf et al., 1994) , which increase release probability through poorly defined actions in mossy fiber boutons (Nicoll and Schmitz, 2005) . More recently, additional forms of LTP were described in which NMDA EPSCs could be potentiated by activation of postsynaptic group I metabotropic glutamate (mGlu) receptors or adenosine A 2A receptors (Kwon and Castillo, 2008b; Rebola et al., 2008) , which then serve as a metaplastic switch for induction of a postsynaptic form of plasticity of AMPA EPSCs previously not observed at mossy fiber synapses (Rebola et al., 2011) .
The frequency of mossy fiber stimulation is a key parameter in induction of plasticity. mf-LTP requires short or sustained bursts of high-frequency stimulation (HFS), at 25-50 Hz, whereas lowfrequency stimulation (LFS) is associated with long-term depression (LTD) at mossy fiber synapses (Kobayashi et al., 1996) . Here we discovered that paired stimulation patterns with LFS elicited a slowly deprecating potentiation of mf-EPSCs, which we refer to as mossy fiber low-frequency potentiation (mf-LFP) because it is prolonged but ultimately fades after approximately 1 h. This form of potentiation occurred downstream of bimodal mGlu1-mediated activation of both G-protein-dependent pathways and noncanonical signaling through tyrosine kinase cascades. Potentiation of mossy fiber synaptic efficacy for tens of minutes could provide a broad window for temporal integration underlying pattern completion in the CA3 network.
Materials and Methods
Hippocampal slice preparation. Horizontal hippocampal slices (350 m) were made from postnatal day 15-21 wild-type 129SvEv, GluK2 Ϫ/Ϫ , or mGlu1 Ϫ/Ϫ gene-targeted mice of either sex using a Vibratome 3000 Plus (Vibratome). mGlu1 Ϫ/Ϫ mice were a generous gift from Dr. K. Huber (University of Texas Southwestern Medical Center, Dallas, TX). Mice were rapidly decapitated after isoflurane anesthesia, and the brain was removed under ice-cold sucrose-rich slicing solution (SRSS) equilibrated with 95% O 2 /5% CO 2 containing 85 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM glucose, 75 mM sucrose, 25 mM NaHCO 3 , 10 M DL-APV, 100 M kynurenate, 0.5 mM CaCl 2 , and 4 mM MgCl 2 . Slices were slowly warmed to 30°C and allowed to return to room temperature while exchanging the SRSS for oxygenated artificial CSF (ACSF) solution containing 125 mM NaCl, 2.4 mM KCl, 1.2 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 25 mM glucose, 1 mM CaCl 2 , 2 mM MgCl 2 , 10 M DL-APV, and 100 M kynurenate.
Electrophysiological recordings. After a 1 h incubation period, slices were transferred to a recording chamber and continuously perfused with oxygenated ACSF solution containing 2 mM CaCl 2 and 1 mM MgCl 2 at 25°C. Glass electrodes were pulled from borosilicate glass to resistances of 3-6 ⌴⍀ and filled with an internal solution containing 95 mM CsF, 25 mM CsCl, 10 mM Cs-HEPES, 10 mM Cs-EGTA, 2 mM NaCl, 2 mM Mg-ATP, 10 mM QX-314, 5 mM TEA-Cl, and 5 mM 4-AP. The pH was adjusted to 7.3 with CsOH, and osmolarity was maintained at 290 mOsm. Whole-cell patch-clamp recordings were made from visually identified CA3b or CA3c pyramidal cells in the hippocampus. All cells were held at a potential of Ϫ70 mV, and the series resistance was monitored continuously and compensated to 50 -70%. Mossy fiber EPSCs, which are predominantly composed of AMPA receptor currents, were evoked at a basal stimulation frequency of 0.05 Hz in the presence of the GABA A antagonists, bicuculline (10 M) and picrotoxin (50 M), and the NMDA receptor antagonist, D-AP5 (50 M). Low-frequency stimuli with varying parameters (i.e., 1 Hz paired pulse, 40 ms intervals) were delivered by a monopolar glass electrode filled with ACSF positioned in the inner 50 m of the stratum lucidum. The amplitude of the evoked mf-EPSCs and paired-pulse ratio (PPR) was measured during basal activity and after induction of each LFS mf-LFP protocol. Mossy fiber responses were verified based on their robust short-term facilitation, large paired-pulse facilitation (Ͼ2.0 at 40 ms intervals), short and stable latency, and inhibition (Ͼ70%) by the group II metabotropic glutamate receptor agonist (2S,2ЈR,3ЈR)-2-(2Ј,3Ј-dicarboxycyclopropyl) glycine (DCG-IV) (1 M).
Our standard paired-pulse low-frequency stimulation (PP-LFS) protocol consisted of first recording mf-EPSCs under basal conditions at a frequency of 0.05 Hz with paired stimuli (separated by an interstimulus interval of 40 ms) for 10 min, followed by a 1 Hz train of paired stimuli over 2 min. mf-EPSCs were then further recorded for 30 min at the 0.05 Hz basal rate. Experimental modifications to this standard PP-LFS induction protocol included varying the paired-pulse interval to 200 or 500 ms, the frequency of the train between 0.2 and 2 Hz, the duration of the train between 30 s and 2 min, and the number of stimuli during each burst in the LFS train (one, two, or three). For the experiments where the frequency was changed, the total number of stimuli delivered during the train remained at 240 resulting in longer train durations (e.g., 240 stimuli at 0.2 Hz for 10 min). During all pharmacology experiments, drugs were applied for 10 min after the basal control stimulation and continued during the induction protocol. The magnitude of mf-LFP was determined by measuring the mf-EPSC amplitude over the last 5 min of each recording relative to the 10 min average of control EPSC amplitudes before the LFS.
Data acquisition and analysis. Data were acquired with pClamp 10.2 software (Molecular Devices) and analyzed with Origin 7.0 (OriginLab).
Values were represented as mean Ϯ SEM, and n values represent the number of recordings from individual slice preparations. Only a single recording was taken from each slice preparation. Statistical significance was tested on raw data using a student's paired t test to compare the control amplitudes before LFS stimulation with the last 5 min of each recording. Cumulative probability histograms were tested with a Kolmogorov-Smirnov nonparametric test. Coefficients of variation (CV) of mf-EPSCs were compared for 5 min of recording preceding and 30 min after the mf-LFP induction protocol. The CV was corrected for the background noise. For clarity and illustrative purposes, every third data point was plotted in each graph.
Compounds. The following compounds were bath applied with external ACSF during the pharmacological experiments: SNX-482 (500 nM), isradipine (5 M), JNJ 16259685 (500 nM), LY 367385 (100 M), MPEP (10 M), genistein (30 M), genistin (30 M), and EphB2 Fc chimeric protein (5 g/ml). BAPTA (20 mM) and guanosine 5=-O-(2-thiodiphosphate) (GDP␤S) (2 mM) were included in the recording pipette. All chemicals, including inorganic salts, were purchased from Sigma-Aldrich (St. Louis, MO), except JNJ 16259685, LY 367385, MPEP (Tocris Cookson, Bristol, UK), and SNX-482 (Peptides International). GDP␤S was purchased from BIOMOL Research Laboratories, and the recombinant mouse EphB2 fusion protein was purchased from R&D Systems.
Results
Patterned low-frequency stimulation elicits a quasi-stable potentiation of mossy fiber EPSCs PP-LFS produces duration-dependent plasticity of Schaffer collateral-CA1 pyramidal cell ESPCs (Huang and Kandel, 2006) , but the effect of similar stimulation paradigms on mf-EPSCs is unknown. We explored how alterations in the pattern of mossy fiber stimulation within low-frequency ranges (primarily 1 Hz) impacted synaptic efficacy of mf-EPSCs arising from AMPA and kainate receptor activation. In initial experiments, a long-lasting potentiation of mf-EPSCs was observed if paired stimuli were delivered during the 1 Hz train rather than single events used in the classical frequency facilitation paradigm; the increased mfEPSCs was accompanied by an apparent reduction in the pairedpulse ratio (a representative example is shown in Fig. 1 A) . In the PP-LFS train protocol used in these experiments, we evoked pairs of mf-EPSC stimuli with an interstimulus interval (ISI) of 40 ms both at the basal frequency of 0.05 Hz and during the 1 Hz train of 2 min duration (i.e., 240 stimuli in the train). Each experiment was concluded with the application of the group II mGlu agonist DCG-IV (1 M), which was one of our standard criteria for validating that the EPSCs arose from mossy fiber inputs.
PP-LFS train stimulation caused the mf-EPSC mean amplitudes to remain potentiated by 148 Ϯ 13% at 30 min after tetanus ( Fig. 1 B, gray squares; n ϭ 10; p ϭ 0.0056 relative to control). In contrast, mf-EPSC amplitudes rapidly returned to control levels if pairing was omitted during the 2 min train stimulation (99 Ϯ 9% of control amplitudes 30 min after 1 Hz train; n ϭ 6; Fig. 1 B, open circles), consistent with previous reports (Salin et al., 1996) . Cumulative probability histograms of normalized mf-EPSC amplitudes after conventional 1 Hz single stimulation and PP-LFS are shown in Figure 1C . A decrease in the PPR of mf-EPSCs was observed 30 min after PP-LFS when compared with initial control PPRs (3.2 Ϯ 0.2 pretrain, 2.6 Ϯ 0.2 posttrain) (Fig. 1 D) . A reduction in the mean CV of mf-EPSCs after PP-LFS also was observed (control, 0.36 Ϯ 0.02; 30 min after PP-LFS, 0.31 Ϯ 0.03; n ϭ 10; p Ͻ 0.05, Student's paired t test). These data, while not conclusive, are consistent with a presynaptic locus of expression, suggesting that some mechanistic overlap could exist with LTP induced by conventional high-frequency paradigms.
PP-LFS with a 2 Hz train frequency also potentiated mfEPSCs (194 Ϯ 38%; n ϭ 8; p ϭ 0.041), whereas amplitudes returned to control after single train stimulation at 2 Hz (115 Ϯ 15%) (Fig. 1E) . Increasing the extracellular divalent cation concentrations to 4 mM Ca 2ϩ and 4 mM Mg , an often-used experimental condition that reduces network excitability in hippocampal slice preparations, did not alter the level of potentiation observed at 30 min after induction of plasticity using the 1 Hz PP-LFS stimulation protocol (150 Ϯ 20%; n ϭ 10; p ϭ 0.042 vs pretetanus amplitudes) (Fig. 1F ). We also found that mf-EPSC intermediate potentiation in our standard ACSF (i.e., 2 mM Ca 2ϩ /1 mM Mg 2ϩ ) was observed at a higher temperature of 30°C (140 Ϯ 4%; n ϭ 4; p ϭ 0.0027) (Fig. 1G) .
The potentiation of mf-EPSCs after 1 and 2 Hz pairing seemed to diminish slowly with time rather than stabilizing at a plateau level, as is evident in Figure 1 , B and E. We therefore recorded mf-EPSCs for 60 min after tetanus to more fully describe the time course of low-frequency potentiation. As with earlier recordings, mf-EPSC amplitudes remained elevated 30 min after tetanus (139 Ϯ 15%; p ϭ 0.047 relative to control amplitudes) but returned to baseline levels within 1 h (111 Ϯ 16%; n ϭ 6) ( Fig. 1 H) . The mean potentiation at 30 min for each of these experimental conditions is summarized in the bar graph in Figure 1 I.
In light of suggestions that some degree of facilitation and potentiation of mossy fiber AMPA EPSCs can be attributed to enhanced postsynaptic excitability and polysynaptic activity (Kwon and Castillo, 2008b) , we next tested whether EPSCs arising from synaptic NMDA receptors exhibited the same degree of mf-LFP after PP-LFS stimulation. NMDA-EPSCs were recorded Single stimuli did not potentiate mf-EPSCs, whereas a PP-LFS paradigm effectively potentiated mean amplitudes. Calibration: x-axes, 10 ms; y-axes, 150 pA. F, Mean normalized mf-EPSC amplitudes were potentiated in 1 Hz PP-LFS experiments in which the extracellular divalent cation concentrations were raised to 4 mM Ca 2ϩ and4mM Mg 2ϩ . Calibration: x-axis, 10 ms; y-axis, 250 pA. G, mf-LFP occurs at more physiological temperatures. Calibration: x-axis, 10 ms; y-axis, 250 pA. H, Recording mf-EPSCs for a longer experimental time course revealed that elevated amplitudes returned to control levels 1 h after PP-LFS induction. Inset traces in this case are taken from the baseline period (a, black) and 1 h after PP-LFS (b, gray; overlapping with the control trace). Calibration: x-axis, 10 ms; y-axis, 250 pA. I, Bar graph summarizing mf-LFP expressed as a percentage of control amplitudes within each experimental group. Asterisks represent significance of individual degrees of potentiation compared with baseline within each experimental group (*p Ͻ 0.05; **p Ͻ 0.01).
in a nominally Mg 2ϩ -free external solution with glycine (10 M) and the AMPA/ kainate receptor antagonist CNQX (50 M) at a command potential of ϩ40 mV; however, the 1 Hz tetanic stimulation was performed at Ϫ70 mV. The mean amplitude of NMDA-EPSCs was increased to 161 Ϯ 14% of control amplitudes by the low-frequency stimulation paradigm (n ϭ 7; p ϭ 0.0028; data not shown), ruling out contributions by enhanced CA3 polysynaptic activity in this form of mossy fiber plasticity.
In summary, we found that pairing stimuli during a low-frequency activation of mossy fibers transformed short-term plasticity into an elevation of synaptic efficacy that lasted for at least 30 min but no longer than 1 h. For the subsequent experiments, we used the 30 min post-1 Hz train time frame as a standard for this form of plasticity at mossy fiber synapses, referred to as mf-LFP.
Induction parameters that impact low-frequency potentiation of mf-EPSCs
Our initial studies implied that the pattern of stimulation, or interval between the paired stimuli, contained within the low-frequency burst train was a critical parameter in the induction of intermediate mf-EPSC potentiation. To test this hypothesis, we increased the ISI of pairs during the 1 Hz train to either 200 or 500 ms while maintaining the pair interval at 40 ms during the pretrain and posttrain periods. Stimulation with 200 ms intervals during the train produced a robust level of potentiation 30 min after the tetanus (179 Ϯ 22%; n ϭ 6; p ϭ 0.012; Fig.  2A ). In contrast, pairs of stimuli separated by 500 ms (equivalent of a train with single stimuli evoked at 2 Hz) failed to elicit potentiation (117 Ϯ 14%; n ϭ 7; Fig. 2 A) , indicating that the duration between the pairs of stimuli is a critical parameter in inducing potentiation. Mean potentiation of mf-EPSCs with different interstimulus intervals during the 1 Hz train are compared in the bar graph in Figure 2 A.
Varying the number of stimuli during the 1 Hz induction train also altered mf- EPSC potentiation. Our standard PP-LFS protocol consisted of pairs of stimuli separated by 40 ms during both 0.05 Hz basal stimulation frequency as well as the 1 Hz induction train. Single stimulation during the train rather than pairs failed to induce potentiation (96 Ϯ 4%; n ϭ 4; Fig. 2 B) , whereas addition of a third stimulus in each burst (with 40 ms between stimuli) produced a more robust potentiation of mf-EPSCs at 30 min (164 Ϯ 20%; n ϭ 8; p ϭ 0.0096) (Fig. 2 B) .
The duration and frequency of the paired train stimulation were additional important determinants of the magnitude of mf-LFP at 30 min. A 0.5 min PP-LFS train did not elicit a significant degree of potentiation at 30 min (125 Ϯ 15%; n ϭ 6; Fig. 2C ), but a 1 min train effectively potentiated currents (172 Ϯ 26% after 30 min; n ϭ 5; p ϭ 0.05; Fig. 2C, bar graph) . Paired train stimulation at 0.2 Hz instead of 1 Hz did not potentiate mf-EPSCs (97 Ϯ 18%; n ϭ 5) (Fig. 2 D) , whereas a train frequency of 0.5 Hz produced a 158 Ϯ 27% increase in mf-EPSCs 30 min after tetanus (n ϭ 5; p ϭ 0.05; Fig. 2 D) . In both of these latter cases, the total number of stimuli was kept constant at 240, equivalent to the total in our standard 1 Hz protocol, which resulted in longer train durations. In summary, these data demonstrate that potentiation of mfEPSCs is induced effectively by a PP-LFS paradigm of Ͼ1 min at frequencies of 0.5 Hz and higher.
Molecular mechanisms contributing to mf-LFP differ from those of mf-LTP
Given the putative presynaptic locus of expression of mf-LFP, we next investigated to what degree the molecular mechanisms engaged by PP-LFS overlapped with those underlying the classical presynaptic form of mf-LTP. A variety of receptors and channels have been implicated in the induction of mf-LTP, including kainate receptors, a subtype of ionotropic glutamate receptors (Bortolotto et al., 1999; Contractor et al., 2001; Lauri et al., 2001; Schmitz et al., 2003) . Genetic ablation of GluK2 receptors reduces the threshold for mossy fiber LTP (Contractor et al., 2001; Schmitz et al., 2003; Breustedt and Schmitz, 2004) . We therefore examined whether GluK2 kainate receptors also contribute to induction of mf-LFP by PP-LFS. mf-EPSCs recorded from CA3 neurons in hippocampal slices from GluK2 Ϫ/Ϫ mice were potentiated by 137 Ϯ 8% 30 min after 1 Hz PP-LFS (n ϭ 7; p ϭ 0.011 relative to control amplitudes) (Fig. 3 A, C) , which was equivalent to the potentiation in wild-type mice. Similar results were observed when mf-EPSCs from GluK2 Ϫ/Ϫ mice were recorded in the presence of high extracellular divalent ion concentrations (4 mM Ca 2ϩ /4 mM Mg 2ϩ ) (122 Ϯ 11%; n ϭ 9; Fig. 3C ). We conclude from these data that kainate receptors containing the GluK2 subunit, a necessary constituent of both presynaptic and postsynaptic receptors (Mulle et al., 1998; Contractor et al., 2001) , do not play a role in induction of mf-LFP.
Pharmacological inhibition of R-type voltage-dependent calcium channels (VDCCs) or genetic ablation of the critical ␣ 1E (Ca v 2.3) channel subunit attenuated mf-LTP by trains of highfrequency stimuli . To determine whether R-type calcium channels contribute to mf-LFP, we performed PP-LFS stimulation in the presence of the peptide toxin SNX-482 (500 nM), a selective antagonist for the R-type ␣ 1E (Ca v 2.3) cal- cium channel subunit. An initial 5 min baseline was followed by bath application of SNX-482 for 12 min (10 min of baseline and 2 min during the PP-LFS); mf-EPSCs were then recorded for 30 min after train stimulation in the absence of the compound. As well, the effects of the compounds on basal transmission were assessed in parallel experiments that lacked only the 1 Hz train. Potentiation was measured between 25 and 30 min after the train (or the analogous time period in the control recordings). mf-EPSCs were unexpectedly reduced in amplitude by SNX-482 in the absence of a stimulus (52 Ϯ 11% of control; n ϭ 3; Fig. 3B , open circles, C), which differs from previous studies in which R-type channels did not contribute to basal release probability at this synapse Dietrich et al., 2003) . Nevertheless, PP-LFS stimulation potentiated EPSCs from this attenuated level to 98 Ϯ 6% of control (predrug) amplitudes, which was 188% of the mean EPSC amplitude in the basal recordings that lacked tetanic stimulation (Fig. 3B , gray squares, C; n ϭ 7; p Ͻ 0.05 relative to basal recordings with SNX-482). Thus, the potentiation induced by PP-LFS was not attenuated by SNX-482, and presynaptic R-type VDCCs do not seem to contribute to mf-LFP.
The role of postsynaptic calcium mobilization in highfrequency mf-LTP is controversial, with evidence both for and against its requirement for induction of plasticity (Williams and Johnston, 1989; Zalutsky and Nicoll, 1990; Yeckel et al., 1999; Mellor and Nicoll, 2001) . We found that chelation of intracellular calcium with BAPTA (20 mM) contained within the recording pipette prevented intermediate potentiation of mossy fiber EPSCs (109 Ϯ 11%; n ϭ 7) (Fig. 4 A) . In addition, bath application of isradipine, a dihydropyridine L-type VDCC blocker, had no effect on basal mean mf-EPSC amplitudes at 5 M (Fig. 4 B, open circles; 103 Ϯ 7% of control amplitudes; n ϭ 3) but prevented induction of mf-LFP (Fig. 4 B, gray squares; 112 Ϯ 22% of control mean amplitudes; n ϭ 7). These data therefore suggest that PP-LFS stimulation engages L-type VDCCs at a critical point in the induction of mf-LFP and that postsynaptic intracellular calcium entering from these channels (and potentially other sources) is required for patterned low-frequency potentiation of mossy fiber synapses.
Bimodal signaling through mGlu1 receptors is engaged during PP-LFS to produce mf-LFP
The previous series of experiments demonstrated that mf-LFP and classical presynaptic mf-LTP seem to engage a different set of induction pathways. The patterned nature of PP-LFS and putative postsynaptic locus of induction led us next to examine group I mGlu receptors, because they are activated by repetitive mossy fiber stimulation (Kapur et al., 2001 ) and underlie some forms of plasticity induced by low-frequency induction paradigms in CA1 pyramidal neurons (Bellone et al., 2008; Lüscher and Huber, 2010) . Furthermore, in the CA3 region, group I mGlu receptors are localized predominantly to pyramidal neurons (Lujan et al., 1996; Shigemoto et al., 1997; Ferraguti et al., 1998) . Activation of mGlu1 or mGlu5 receptors was prevented in our experiments using the selective noncompetitive antagonists JNJ 16259685 (500 nM) or LY 367385 (100 M) for mGlu1 receptors and MPEP (10 M) for mGlu5 receptors. JNJ 16259685 eliminated potentiation of mf-EPSC at 30 min after tetanus (105.2 Ϯ 13.7%; n ϭ 7; p Ͼ 0.05) (Fig. 5A , gray squares, E), whereas basal synaptic strength was unaffected in recordings lacking the tetanic stimulation (97 Ϯ 9%; n ϭ 4; Fig. 5A , open circles, E). Occlusion of potentiation also was observed in the presence of another selective mGlu1 antagonist, LY 367385 (103 Ϯ 9%; n ϭ 5) (Fig. 5B,  gray squares, E) . Results from pharmacological experiments were additionally supported with comparative analyses of mGlu1 knock-out mice and their littermate wild-type mice; mf-LFP was absent in mGlu1 Ϫ/Ϫ knock-out mice but was normal in recordings from mGlu1 ϩ/ϩ neurons (mGlu1 ϩ/ϩ : 132 Ϯ 8%, n ϭ 5, p ϭ 0.012; mGlu1 Ϫ/Ϫ : 108 Ϯ 19%, n ϭ 5) (Fig. 5C,E) . In contrast to mGlu1, mGlu5 receptors did not play a significant role in mf-LFP. Robust potentiation was induced by PP-LFS in the presence of the noncompetitive mGlu5 antagonist MPEP (156 Ϯ 15%; n ϭ 5; p ϭ 0.019) (Fig. 5D, gray squares, E) , which did not affect mf-EPSC amplitudes in the absence of a PP-LFS train (101 Ϯ 4%; n ϭ 4). Thus, activation of mGlu1, but not mGlu5, is required to effectively elicit low-frequency potentiation of mossy fiber EPSCs. mGlu1 receptors are G-protein-coupled receptors that stimulate phospholipase C activity to generate diacylglycerol and IP 3 , leading to protein kinase C activation and mobilization of intracellular calcium as the principal downstream signaling pathways. More recent evidence suggests that additional non-G-protein-dependent signaling by mGlu-associated proteins, including ␤-arrestin, leads to activation of kinase cascades (Heuss et al., 1999; Benquet et al., 2002; Miyazaki et al., 2005) . In CA3 pyramidal neurons, this noncanonical signaling pathway enhances NMDA receptor currents after activation of mGlu1 but not mGlu5 receptors (Benquet et al., 2002) . To determine the respective contributions of conventional and non-Gprotein-mediated signaling pathways to PP-LFS-induced mf-LFP, we inhibited either G-protein activation or tyrosine kinase activity. Irreversible inactivation of G-protein signaling by inclusion of GDP␤S (2 mM) in the internal solution of the recording electrode reduced mf-LFP to 128 Ϯ 12% (n ϭ 8) (Fig. 6A,C) ; thus, mf-LFP was lower than that produced by standard 1 Hz PP-LFS (148 Ϯ 13%; Fig. 1B) but not prevented completely. Conversely, bath application of genistein (30 M), the broad-spectrum tyrosine kinase inhibitor, completely occluded mf-LFP (101 Ϯ 10%; n ϭ 7; p Ͼ 0.05) (Fig. 6B , gray squares, C) and had no effect on basal synaptic strength (95 Ϯ 11% of control amplitudes; n ϭ 3; data not shown). The inactive analog of genistein, genistin (30 M), had no impact on mf-EPSC potentiation after PP-LFS (178 Ϯ 25%; n ϭ 5; p ϭ 0.038) (Fig. 6B , open circles, C). These data confirm a central role of G-proteinindependent signaling in low-frequency-induced potentiation of mf-EPSCs.
Induction of mf-LFP occurred postsynaptically, but pairedpulse and CV analyses were consistent with a presynaptic locus of expression of potentiation. A retrograde signaling pathway mediated by ephrins and Eph receptors was identified previously as one potential mechanism for LTP of mf-EPSCs after postsynaptic induction (Contractor et al., 2002) , and Eph receptors are rich targets for tyrosine kinase phosphorylation. We therefore tested whether inhibition of trans-synaptic ephrin signaling occluded mf-LFP. In the presence of bath-applied soluble recombinant mouse EphB2 Fc chimera peptides (5 g/ml), which block interactions between postsynaptic EphB2 receptors and their presynaptic ephrin ligands, PP-LFS did not elicit mf-LFP (108 Ϯ 12%; n ϭ 5) (data not shown). These results suggest that EphB2 receptors can initiate trans-synaptic signaling between their presynaptic ephrin ligands to regulate mossy fiber release during mf-LFP.
Discussion
Plasticity of excitatory transmission at the mossy fiber synapse is known to occur through diverse mechanisms to enhance signaling transiently, through rapid facilitation, and over extended periods of time through long-lasting increases in release probability. Here we describe a form of plasticity that is operative in the intermediate time domain between frequency facilitation and long-term potentiation. Low-frequency stimulation delivered in pairs with a frequency of 1 Hz potentiates mf-EPSCs for up to 1 h after induction. The degree of mf-LFP we observed was dependent on a variety of induction parameters that included the train stimulation frequency, the number of pulses and interstimuli intervals in each burst during the train, and the duration of the low-frequency train stimulation. Several independent experimental observations lead us to conclude that mf-LFP is primarily induced postsynaptically. mGlu1 receptor activation and divergent downstream signaling pathways, including noncanonical pathways via tyrosine kinase activity, play a central role in mf-LFP. We therefore propose that this form of synaptic plasticity is induced by subsaturating patterns of activation at the mossy fiber synapse as one mechanism of modulating synaptic gain over a prolonged temporal window while circumventing stable enhancement of release probability. Alternatively, mf-LFP may represent a temporally restricted form of metaplasticity in which granule cells prime CA3 neurons with low-frequency subthreshold input to alter synaptic sensitivity to subsequent short, high-frequency bursts typical of granule cell firing behavior that has been described in vivo (Jung and McNaughton, 1993; Henze et al., 2002) .
The potentiation observed after paired low-frequency stimulation was surprising initially because at mossy fiber-CA3 pyramidal cell synapses, this stimulation paradigm is closely associated with either rapidly reversible short-term plasticity (Salin et al., 1996) or long-term depression with prolonged train durations (Kobayashi et al., 1996) . In contrast, paired lowfrequency stimulation of hippocampal CA1 and cortical-lateral amygdala synapses effectively elicits potentiation of EPSCs through divergent induction mechanisms that include mGlu5 receptors (Lanté et al., 2006) , NMDA receptors (Huang and Kandel, 2006) , or heptahelical receptors that stimulate protein kinase A activity (Huang and Kandel, 2007) . PP-LFS engages a different set of signaling pathways at the mossy fiber synapses to effect mf-LFP, most notably requiring mGlu1 receptor activation rather than either NMDA or mGlu5 receptors. Group I mGlu receptors have been proposed to perform diverse functions in hippocampal long-term depression and potentiation, within both the CA1 and CA3 subfields, which have been studied and debated extensively (Bashir et al., 1993; Lu et al., 1997; Anwyl, 2009; Lüscher and Huber, 2010) . At mossy fiber synapses specifically, there is evidence both for (Conquet et al., 1994) and against (Hsia et al., 1995) mGlu1 receptor contributions to HFS-induced mf-LTP based on studies from gene-targeted mice lacking this receptor isoform, and pharmacological inhibition of the mGlu1 receptor reduces mf-LTP in some studies (Yeckel et al., 1999; Contractor et al., 2001) . Moreover, mGlu1 receptors can trigger bidirectional switches in plasticity, where HFS protocols that normally induce mf-LTP instead result in LTD, at synapses formed by mossy fibers on CA3 stratum lacunosum interneurons (Galvan et al., 2008) . Granule cells are thought to fire at relatively low frequencies, with occasional short high-frequency bursts, in complex patterns dependent partially on spatial environment (Jung and McNaughton, 1993; Henze et al., 2002; Gundlfinger et al., 2010) . Although the regularity of our patterned activation clearly does not reproduce irregular dynamics of physiological granule cell firing, the frequency domain and dependence on short bursts is similar, and therefore it is plausible that mGlu1-dependent pathways could be engaged to facilitate mossy fiber EPSP amplitudes, which are acutely sensitive to changes in instantaneous frequency in vivo (Henze et al., 2002; Gundlfinger et al., 2010) . In CA3 pyramidal neurons, mGlu1 receptors may serve as a molecular substrate for processing lowfrequency signals from the dentate gyrus into cellular responses that lead to intermediate or long-lasting alterations in mossy fiber output.
The CA3 region of the hippocampus has been linked to the short-term and rapid encoding of episodic information as a component of working memory (Kesner, 2007) , pattern completion, and associative memory recall (Nakazawa et al., 2002) . The physiological substrate for these behavioral learning tasks likely lays, in part, in the dynamic control of synaptic strength at the associational-commissural (A/C) excitatory synapses in CA3 pyramidal neurons (Nakazawa et al., 2002) . mf-LFP and LTP potentially contribute to these processes by altering the efficacy of action potential firing driven by mossy fiber synaptic depolarization, which is strongly dependent on granule cell firing frequency (Henze et al., 2002) . Back-propagating action potentials initiated by mossy fiber input contributes to heterosynaptic spike-timing plasticity in the autoassociative A/C network (Kobayashi and Poo, 2004) as well as homosynaptic potentiation of mossy fiber transmission (Astori et al., 2010) . Induction of mf-LFP could provide an extended window of time during which granule cell firing would have a higher likelihood of initiating action potentials in CA3 pyramidal neurons.
The signaling pathways engaged during the induction phase of mf-LFP have some commonality with two recently described postsynaptic forms of LTP that selectively enhance NMDA receptor function (Kwon and Castillo, 2008a; Rebola et al., 2008) . These mechanistically distinct forms of LTP use slightly different signaling pathways to achieve a common aim: potentiation of NMDA receptor but not AMPA receptor EPSCs. Short bursts of high-frequency mossy fiber stimulation activate both mGlu5 receptors, which are postsynaptic in CA3 pyramidal cells (Lujan et al., 1996; Shigemoto et al., 1997) , and NMDA receptors, leading to intracellular calcium mobilization and activation of protein kinase C, resulting in potentiation of NMDA receptor EPSCs via increased exocytosis of receptor-containing vesicles (Kwon and Castillo, 2008a) . A similar experimental paradigm was found to engage A 2A adenosine receptors, in addition to NMDA and mGlu5 receptors, and require Src family kinases to effect NMDA receptor EPSC potentiation at mossy fiber synapses (Rebola et al., 2008) . We found that postsynaptic calcium and tyrosine kinase activation were crucial signaling components for induction of mf-LFP as well. Indeed, mf-LFP was dependent on the frequency of activation (and pairing during the low-frequency train), which likely produces a critical pattern of intracellular calcium transients that effectively engage downstream signaling enzymes yet to be fully elucidated. In contrast to NMDA receptor-selective postsynaptic mf-LTP, both AMPA and NMDA receptor EPSCs were potentiated in mf-LFP. mf-LFP also differed from postsynaptic LTP in that neither NMDA nor mGlu5 receptor activation was required for induction. Thus, these data imply that the precise timing and pattern of mossy fiber activation can lead to x-axis, 10 ms; y-axis, 100 pA. B, Application of the broad-spectrum tyrosine kinase inhibitor, genistein (30 M), prevents induction of mf-LFP evoked by PP-LFS (gray squares), whereas the inactive analog of genistein, genistin (30 M), has no effect on mf-EPSC amplitudes after PP-LFS (open circles). Inset calibration (from recording in genistein): x-axis, 10 ms; y-axis, 250 pA. C, The bar graph summarizes the effect of manipulating mGludependent signaling pathways on mf-LFP. Statistically significant mf-LFP was observed when GDP␤S was included in the recording pipette (*p Ͻ 0.05, paired t test). Mean amplitudes after PP-LFS in the presence of genistein were not significantly different from those of control, whereas PP-LFS elicited mf-LFP with genistin in the bath (**p Ͻ 0.01, paired t tests within each group). The gray line and bar show mean Ϯ SEM, respectively, of mf-LFP observed after a standard PP-LFS induction protocol.
wholly distinct forms of plasticity through overlapping molecular mechanisms.
The signaling pathways that lead from activation of mGlu1 receptors to enhanced mossy fiber release probability are unusual in that crucial intermediary tyrosine kinase activation was only partially occluded by inhibition of G-proteins, suggesting that an unconventional route to kinase activation contributes to the mf-LFP induction mechanism. Heptahelical G-protein-coupled receptors are known to serve as scaffolds for signaling complexes independent of canonical G-protein interactions, mostly notably through association with arrestins, the multifunctional endocytic adapters and potent signal transducers. For example, mitogenactivated protein kinase cascades are initiated by arrestin association with ␤2 adrenergic and other receptors (Luttrell et al., 1999; Shenoy and Lefkowitz, 2005; Luttrell and Gesty-Palmer, 2010) . Metabotropic glutamate receptors have a similar capacity to signal bimodally through both G-protein-dependent and -independent pathways (Kehoe, 1994; Heuss et al., 1999; Gee and Lacaille, 2004) , including in CA3 pyramidal neurons (Gerber et al., 2007) . After activation, mGlu receptors are desensitized by G-protein receptor kinases, which in turn enhances the binding of ␤-arrestins and initiates downstream tyrosine kinase cascades (Iacovelli et al., 2003; Emery et al., 2010) . In CA3 pyramidal neurons, G-protein-independent mGlu receptor signaling occurs exclusively via mGlu1 (Benquet et al., 2002; Gerber et al., 2007) . Both group I mGlu receptors can stimulate conventional G-proteinmediated activation of phospholipase C␤, which leads to a reduction in slow afterhyperpolarization currents and an increase in NMDA receptor current amplitudes (Heuss et al., 1999; Benquet et al., 2002) . However, NMDA receptor currents can also be enhanced through G-protein-independent, tyrosine kinase-dependent pathways initiated by mGlu1 activation (Benquet et al., 2002) , which is also responsible for a slow inward current at mossy fiber synapses (Heuss et al., 1999) . These findings parallel the selective role for mGlu1 in induction of mf-LFP in our experiments. Our observation that the tyrosine kinase inhibitor genistein completely occluded mf-LFP, whereas GDP␤S only partially reduced potentiation, therefore implicates G-protein-independent pathways in this form of plasticity. Recruitment of arrestin to G-protein-coupled receptors is typically stimulated by agonist binding to the receptors and occurs after G-protein activation (Luttrell and Gesty-Palmer, 2010) , and the competition between these two signaling systems after patterned mGlu1 activation might, in part, account for duration and frequency dependencies in the PP-LFS paradigm for induction of mf-LFP.
One putative pathway for retrograde signaling to effect changes in release probability involves Eph receptors and their cognate ephrin ligands on the presynaptic terminal (Contractor et al., 2002; Armstrong et al., 2006) . Tyrosine kinases activated by mGlu1 receptors potentially could target sites found on EphB receptors and thus initiate retrograde signaling. As well, a direct interaction between EphRs and mGlu receptors has been proposed to mediate a form of long-term depression in the hippocampus (Calò et al., 2005; Piccinin et al., 2010) . Thus, mf-LFP could be mediated via Eph receptor activation downstream of mGlu1 receptor activation, although clearly there are a number of questions remaining regarding the sequence of signaling events that lead to mf-LFP.
In summary, our data demonstrate that paired stimulation in a low-frequency domain elicits a state of synaptic potentiation at mossy fiber synapses. This process requires mGlu1 receptor activation and at least, in part, is transduced by unconventional postsynaptic signaling pathways within CA3 pyramidal neurons. Low-frequency potentiation at the mossy fiber synapse may serve as a mechanism for temporarily strengthening the impact of granule cell input on associative processing of information in the CA3 recurrent network.
